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INTRODUCTION
The Escherichia coli Lac repressor protein suppresses the formation of enzymes involved in the metabolism of lactose by simultaneously binding to two sequentially distant binding sites, or operators, on a DNA molecule and forcing the intervening residues into a loop. 1 In addition to the principal operator site O 1 found within the region of the genome that promotes the expression of the DNA coding for β-galactosidase, there are two weaker auxiliary binding sites, O 3 and O 2 , located respectively 92 base pairs (bp) upstream and 401 bp downstream of the primary operator. 2 The DNA loops formed upon binding the repressor to the primary operator and to one of the auxiliary operators are required for maximal repression of transcription, 3 and, in the case of the smaller O 3 ⋅⋅⋅O 1 loop, impede access of the transcriptional machinery to the promoter sites. 4 Formation of the larger O 1 ⋅⋅⋅O 2 loop precludes complete formation, i.e., synthesis, of the RNA that codes for β-galactosidase.
The looping of DNA induced by the binding of the Lac repressor to the O 3 and O 1 operators occurs on a length scale shorter than the natural scale of DNA deformation. The distortions of local double-helical structure found at ambient temperatures -bends of 5-6° between adjacent base pairs, 4-5° fluctuations in twist, and 0.2-0.6-Å displacements of successive base pairs 5 - lead to spatial arrangements more extended on average than the spatial pathways needed to form the O 3 ⋅⋅⋅O 1 loop. The natural occurrence of such a small DNA loop has stimulated interest in factors that may enhance its formation, including large sequence-dependent and proteininduced distortions of the double-helical structure. [6] [7] [8] The DNA comprising the O 1 ⋅⋅⋅O 2 loop, by contrast, lies in the range of chain lengths predicted to close most readily into circular or looped forms. [9] [10] [11] A number of research groups have established sensitive in vivo assays of the looping of DNA mediated by the Lac repressor protein, basing the ease of loop formation on the expression of reporter genes controlled by the repressor. 7, 12, 13 The measured levels of gene expression depend, among other things, upon the distance between lac operator sites. The variation in gene-product levels with chain length exhibits a complex oscillatory pattern, with extremes in production occurring every 10-12 bp, in approximate phase with the DNA helical repeat. The expression levels also depend upon operator identity. For example, the chainlength-dependent patterns of repression are several base pairs out of phase on gene constructs flanked at the 5′-end by an ideal, fully symmetric, high-affinity operator sequence called O sym and at the 3′-end by O 1 or O 2 . 12, 13 That is, the precise shapes of the plots of gene expression versus operator spacing, including the exact positions of peaks and troughs in the repression p. 4 profiles, differ when O 1 is substituted by O 2 . The repression levels also vary when the natural lac operators replace the auxiliary O sym operator in a 92-bp O sym ⋅⋅⋅O 1 construct. 12 NMR solution studies of the lac operators bound to the N-terminal headpieces of the repressor protein point to subtle differences in molecular structure at the binding sites. 14, 15 Whereas the reported complexes containing O 1 , O 2 , and O sym assume similar spatial arrangements with comparable numbers of close protein-DNA contacts, consistent with their similar binding affinities, there is a significant loss of intermolecular contacts in the complexes containing the more weakly bound O 3 operator. The loss of contacts perturbs the threedimensional states adopted by the O 3 -containing structure compared to those observed in the O 1 , O 2 , and O sym complexes. The 5′-half of O 3 , which bears close sequence similarity to the stronger operators, makes more contacts with the protein headpieces than the 3′-half of O 3 .
One of the two identical proteins that comprise the DNA recognition element seemingly penetrates more deeply into the major groove than its partner.
The precise pathways of the operators determine the ways in which the intervening DNA fits between the two halves of the repressor. Previous computational studies of Lac repressormediated DNA looping 8, 16, 17 have assumed that the natural operators adopt identical, rigid, symmetric structural folds on the protein assembly similar to those reported 18 in the lowresolution crystal structure of the tetramer with two bound operators. The three-dimensional arrangement of the full repressor-operator complex must be inferred from the overlap of corresponding protein atoms in the high-resolution crystal structures of the dimer binding O sym and the tetramer without DNA binding headpieces. 18, 19 The two halves of the assembled structure form a V and make contact with DNA at the ends of the V. The asymmetric, sequencedependent DNA pathways extracted from NMR studies of the natural operators with the Lac repressor headpieces could have profound effects on the configurations and supercoiled states of the intervening loops. The arrangement of operator DNA on the full tetrameric assembly determines the positions and orientations of the DNA at the two ends of the tethered loops.
These anchoring conditions, in turn, dictate the preferred pathways of the loops.
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Here we investigate how changes in operator sequence and anchoring conditions influence the ease of DNA loop formation and possibly contribute to known effects of operator identity on lac gene repression. We construct models of the operator-bound Lac tetramer that take account of the sequence-dependent structures of the bound DNA and the features of protein shared among known high-resolution structures. We take advantage of new technology that makes it possible to examine ensembles of structures from a common perspective. We also consider the various orientations in which the operator sequences may bind to the repressor complex. We use the ends of the many reported protein-bound operator fragments as anchoring points in For simplicity, we ignore the large-scale opening of the Lac repressor detected in lowresolution structural studies, 6, [23] [24] [25] [26] i.e., we treat the protein is a rigid scaffold. Opening of the tetramer along the lines suggested by the experiments alters the simulated configurations of short loops of certain chain lengths but does not significantly affect the predicted ease of DNA loop formation. 8, 17 We also omit consideration of the effects on looping of non-specific architectural proteins, such as HU, which occur in abundance in Escherichia coli and distort the structure of DNA. [27] [28] [29] Random binding of HU at the stoichiometric levels observed in vivo increases both the variety of simulated looped structures and the computed likelihood of loop formation. 8, 17 We further ignore known sequence-dependent structural features of the DNA loops, such as the intrinsic deformability of the promoter elements. 7 Omission of the latter contributions allows us to focus on the roles of the sequence-dependent operator structures in DNA loop formation.
We find wide variability in overall operator structure missed in conventional alignments of related structures based on root mean square fits of corresponding atoms. We also find that some of the operator pathways substantially enhance and others appreciably suppress the simulated formation of Lac repressor-mediated DNA loops. The changes in operator structure on the protein headpieces change the pathway of the intervening DNA loop and hint of a potential structural role of the weaker auxiliary operators in Lac repressor-mediated DNA looping.
MATERIALS AND METHODS

Repressor-operator Models
Three-dimensional models of the Lac repressor bearing natural, asymmetric operators on the two dimeric halves of the protein were generated in two stages. The second stage of model building entailed superposition of the structures of the natural operators deduced from NMR measurements on the DNA pathways found in the solid state. We take advantage of a new feature in the 3DNA suite of programs that allows a user to look at multiple structures from a common perspective. 32 The software aligns the individual DNA pathways in the multi-model NMR structure files on a common reference frame. Here we position the G⋅C base pair at the centers of the three natural operators on the corresponding base pair in the O 1 -containing crystal structure and the highly kinked CG base-pair step at the centers of the symmetric operator models on the corresponding base pair in the O sym crystal complex (PDB entry 1efa 18 ).
We characterize the various operator-repressor constructs in terms of the bending and twisting of the bound DNA and the six rigid-body parameters between base pairs at the ends of the two binding sites. 8 The latter parameters also describe the arrangement of the first and last base pairs of the intervening DNA loop. The degree of bending of the bound operators is taken as the angle between the helical axes of the DNA at the two ends of each protein-DNA structure.
The directions of the axes are computed with the 3DNA software 33, 34 over the three terminal base-pair steps. We take advantage of another new feature of 3DNA that facilitates the analysis of ensembles of related structures in collecting the components of the local helical axes. 32 The twisting of DNA is based on a discrete ribbon constructed from the origins and reference frames of successive base pairs. 35 In contrast to the twist angle included in the six rigid-body parameters specifying the relative spatial arrangements of successive base pairs, 36 the twist reported here, the so-called twist of supercoiling, can be combined with the writhing number of a p. 7
closed structure to obtain the correct linking number.
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Looping Simulations
The various combinations of operator alignments and models lead to a variety of starting points We treat the double helix at the level of base-pair steps, using six rigid-body parameters to specify the arrangements of successive base pairs and a potential that allows for elastic deformations of the long, thin molecule from the canonical B-DNA structure. 11 The pathway of protein-free DNA is constructed, one base-pair step at a time, from randomly sampled sets of rigid-body parameters subject to the elastic potential. The allowed fluctuations are compatible with the known bending and twisting of mixed-sequence DNA. 11 The DNA attached to the Lac repressor is described in terms of the rigid-body parameters of the DNA base pairs found in the different operator-bound complexes. The repressor is included as a 'side group' of the DNA, i.e., the atoms of protein are expressed in the reference frame of one of the bases in the molecular complexes.
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The ease of DNA loop formation is estimated from the fraction of simulated configurations of a linear molecule with terminal base pairs positioned so as to overlap the base pairs at the ends of the operators attached to the Lac repressor. The formation of a successfully closed loop is detected by adding a virtual base pair to the 3´-end of the DNA and checking its coincidence with the first base pair of the chain. 8, 11 The probability of DNA looping is reported in terms of the Jacobson-Stockmayer J factor, the well-known ratio of the equilibrium constant for polymer ring closure compared to the bimolecular association of a linear molecule of the same length and composition. 39 The greater the value of J is, the lower the free energy of DNA is and the greater the likelihood of looping.
We incorporate fluctuations in operator structure indirectly by considering the effects of the ) and over 500,000
examples of the more readily closed structures (J factors of ~10 -11 ). The successfully generated configurations are subsequently used as starting points in a new energy-optimization procedure (described below). The combination of approaches is valuable in identifying competing configurational states, i.e., allowing for so-called basin hopping on the configurational energy landscape, and in obtaining a reliable estimate of DNA loop stability. Direct minimization from an arbitrary DNA configuration, while also possible, may introduce serious problems related to the stability of the solution and also lead to unphysical states, e.g., self-intersecting spatial pathways, during the course of minimization. We draw the reader's attention to published examples of Monte-Carlo generated Lac repressor-mediated DNA loops that are illustrative of the starting states used in the loop optimization procedure. 8 The changes in three-dimensional structure effected by minimization are described in the Results and Discussion.
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Loop Optimization
Minimum-energy looped structures are obtained with a procedure that makes it possible to optimize the potential energy of elastic deformation of a collection of base pairs, in which the positions and orientations of the first and last pairs are held fixed. That is, we solve a constrained optimization problem where the potential energy of elastic deformation is the objective function. Our approach differs from earlier DNA loop-optimization schemes, which are based primarily on the equations of motion of a collection of base pairs and entail direct determination of the forces and moments that are needed to place the end base pairs in the desired arrangement. 10, 16, [40] [41] [42] [43] Here we employ an alternate representation of the geometry of a collection of base pairs that makes it possible to take the spatial constraints into direct account,
i.e., the constraints can be solved analytically. In other words, we simplify a constrained optimization problem into an unconstrained one. Moreover, the minimization of the potential energy of elastic deformation always yields the optimally stable solution, another methodological difference from earlier approaches for which the stability of solutions must be computed separately. External forces and torques applied to the base pairs can be accounted for through the addition of appropriate potential energy functions, i.e., expressions of the work produced by the external loadings.
We consider a collection of N base pairs with imposed positions and orientations of the first and last base pairs, i.e., we specify the three components of the end-to-end vector and the three rotational degrees of freedom that describe the relative orientation of coordinate frames on the first and last base pairs. We replace the set of base-pair step parameters, a 6(N-1)-dimensional vector, with an equivalent set of independent variables referred to as the step degrees of freedom, also a 6(N-1)-dimensional vector. The dependence of these degrees of freedom on the traditional base-pair step parameters can be obtained analytically. In addition, the imposed end-to-end vector and end-to-end rotational constraints can be expressed such that the step 
Spatial Constraints on DNA Looping
The variation in local operator structure introduces even greater variability in the spatial constraints placed on the ends of the DNA loops formed upon Lac repressor binding. The control that the repressor has on the intervening DNA manifests itself in the way in which it positions the bound operators. Small changes in the orientations of the operators can potentially lead to large changes in the overall shape of the loop itself.
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The superimposed images of 15-bp O 3 and O 1 operators in Figure 3 
Operator-induced Changes in Loop Formation
The Cartoon representations of O3 and O1 operator segments in different orientations on the full Lac repressor assembly. Atomic coordinates obtained by composition of crystal and NMR data (see text) and images rendered in PyMOL (www.pymol.org). Protein chains are depicted in pink (chains A and C near the 5´-ends of the O3 and O1 models) and cyan (chains B and D near the 3´-ends of the DNA). The base pairs that anchor the intervening O3O1 loop, i.e., the AT base pair at the 3´-terminus of O3 and the TA base pair at the 5´-terminus of O1, are depicted respectively in deep blue and red. The characters A and P specify the antiparallel or parallel orientations of the 15-bp operators, and the numerals 1 and 2 distinguish whether O3 points toward the inside or outside of the protein assembly. Note the wide variability in loop attachment sites associated with the different combinations of operator models. 127x115mm (300 x 300 DPI)
Distributions of the J factors of 92-and 401-bp DNA loops anchored in different orientations on the Lac repressor with all combinations of O1 and O2 operator models. Note (i) the enhancement of loop formation and the decreased sensitivity to operator models at the longer chain length and (ii) the different ordering of looping propensities with operator orientation for the shorter and longer loops. 
